Carbon is an extremely versatile family of materials with a wide range of mechanical, optical, and mechanical properties, but many similarities in surface chemistry. As one of the most chemically stable materials known, carbon provides an outstanding platform for the development of highly tunable molecular and biomolecular interfaces. Photochemical grafting of alkenes has emerged as an attractive method for functionalizing surfaces of diamond, but many aspects of the surface chemistry and impact on biological recognition processes remain unexplored. Here we report investigations of the interaction of functionalized diamond surfaces with proteins and biological cells using X-ray photoelectron spectroscopy (XPS), atomic force microscopy, and fluorescence methods. XPS data show that functionalization of diamond with short ethylene glycol oligomers reduces the nonspecific binding of fibrinogen below the detection limit of XPS, estimated as >97% reduction over H-terminated diamond. Measurements of different forms of diamond with different roughness are used to explore the influence of roughness on nonspecific binding onto H-terminated and ethylene glycol (EG)-terminated surfaces. Finally, we use XPS to characterize the chemical stability of Escherichia coli K12 antibodies on the surfaces of diamond and amine-functionalized glass. Our results show that antibody-modified diamond surfaces exhibit increased stability in XPS and that this is accompanied by retention of biological activity in cell-capture measurements. Our results demonstrate that surface chemistry on diamond and other carbonbased materials provides an excellent platform for biomolecular interfaces with high stability and high selectivity.
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biointerfaces | surface chemistry | cells B iological recognition is a complex phenomenon that can involve multiple types of short-range, long-range, and dynamic interactions. The interaction of proteins with solid surfaces is of importance in many applications, such as medical implants, (1, 2) biosensors (3) (4) (5) , and in vivo drug delivery devices (6) . The controlled adsorption of proteins to surfaces plays a crucial role in the adhesion of cells to surfaces (7) and is an area of intense research in stem-cell research (8, 9) and biosensor development (4, 10, 11) . Conversely, uncontrolled adsorption of proteins can induce a range of adverse phenomena such as fouling of biosensors and initiation of inflammatory response from implants (7, 12) .
Self-assembled monolayers (SAMs) of alkanethiols on gold have emerged as a model system for investigating biological interactions at surfaces because SAMs provide an extremely versatile platform for investigating surface chemical functionalization (6, (13) (14) (15) (16) (17) (18) . One outcome of these prior studies has been to demonstrate that alkanethiols bearing even very short ethylene glycol (EG) groups can drastically reduce nonspecific binding of proteins (6, (13) (14) (15) (16) (17) (18) ). Yet, while gold-thiol SAM chemistry is an excellent model system, it suffers from chemical instabilities that limit its actual application (16, 19) . These instabilities have, in turn, lead to increased interest in alternative system that can provide higher stability.
Carbon-based surfaces, such as diamond, glassy carbon, and diamond-like carbon, are attractive substrates for biological interfaces because of their biocompatibility, mechanical hardness, and because they are extraordinarily chemically robust, resembling in many ways the properties of organic alkanes (20, 21) . While the surface chemistry of carbon is relatively unexplored, in recent work we have shown that photochemical grafting of organic alkenes can provide an extremely robust way to link functional organic molecules to surfaces of carbon, including diamond (22) (23) (24) (25) (26) , amorphous carbon (23, 27, 28) , glassy carbon (29) , and carbon nanofibers (30, 31) . Carbon surfaces functionalized in this manner have shown excellent stability, even at elevated temperatures (32) . Of the various forms of carbon, diamond and diamond-like carbon (DLC) are of particular interest because diamond's unique role as the hardest natural material makes it of interest for possible application as a thin-film coating material for biomedical implants such as prosthetic devices. DLC thin films provide NiTi alloys (commonly used as an implant material) with improved corrosion resistance (33) and reduce leaching of Ni (34) . Empirical evidence shows that carbon-based materials exhibit little inflammatory response (35) and exhibit high stability as substrates for biosensing (4, 31) , but the relationships between substrate roughness, protein adsorption, and stability are poorly understood.
Here we report investigations of the use of photochemical grafting methods to link highly stable, functional molecular layers to diamond films in order to control the resulting interactions with proteins. We demonstrate the influence of surface chemistry and roughness on nonspecific binding of proteins. Finally, we show that these grafting methods can produce antibody-modified surfaces that exhibit enhanced stability and extended biological activity toward biological cells.
Results
Reproducible surfaces of diamond and diamond-like carbons can be prepared by exposure to atomic hydrogen, which removes oxidized sites and leaves surface atoms terminated with hydrogen atoms (36) . As depicted in Fig. 1 , organic alkenes will graft to the resulting H-terminated surfaces when illuminated with UV light at 254 nanometer (nm). Fig. 1B shows some specific molecules of particular interest for biologically modified surfaces: molecules bearing ethylene glycol groups (EG6) and protected amine groups (TFAAD) are of interest because these form biological interfaces that can resist proteins (EG6) and can serve as attachment points for proteins and other biomolecules of interest (TFAAD). 1-dodecene can be used to control the spacing between functional groups through the formation of mixed monolayer. The detailed mechanism of grafting on diamond has been elucidated (24, 25) and is illustrated in Fig. 1C . The grafting reaction is initiated by UV-induced photoemission of electrons, which is facilitated by the presence of electron-acceptor groups in the reactant liquid or pregrafted onto the surface (37) . The photoemission process creates positively charged, carbocationlike surface sites (24) . Nucleophilic attack by the electron-rich alkene group then grafts the molecules to the diamond surface. Experimental and computational results show that reactivity of different alkenes correlates with the electron affinity of the "R" group (24, 28, 38) .
Molecular Monolayers to Resist Protein Binding. Previous studies of protein-resistant monolayers have focused primarily on selfassembled monolayers on gold (6, (13) (14) (15) (16) (17) (18) or silane chemistry (16, 39) . We recently used fluorescence methods to show that EG6 oligomers bound to diamond surfaces were also highly effective at resisting protein binding (26, 40) . However, comparisons of different materials or different morphologies are difficult to quantify by this approach because fluorescence quenching can vary substantially between different substrates. In some cases wash-off methods can be used to remove the protein from the surface (vide infra) (40) but this is not feasible with many proteins. To evaluate the ability of EG6-functionalized diamond to resist protein binding, we conducted XPS studies of H-terminated and EG6-modified diamond samples before and after exposure to fibrinogen. Fig. 2 shows C(1s), N(1s), and S(2p) XPS spectra of H-terminated diamond thin films (blue), EG6-functionalized diamond thin films (green), and spectra of a thick film of fibrinogen deposited on a planar Si substrate (red). The spectra of diamond are shown before and after exposure to fibrinogen.
The XPS spectra of the pure fibrinogen multilayer film are consistent with those reported previously (41) , showing multiple C(1s) peaks and significant intensity in the N(1s) and S(2p) regions. The C(1s) peak at 288.2 eVarises from carbon atoms in the amide groups (41) . The N(1s) region shows a single sharp peak, while the S(2p) spectrum shows two peaks that reflect nonoxidized (163 eV) and oxidized (168 eV) forms of sulfur in cysteine and methionine residues. The H-terminated ultrananocrystalline diamond (UNCD) sample shows a single sharp C(1s) peak and no measureable intensity in the N(1s) or S(2p) regions. After grafting of EG6 the sample shows two C(1s) peaks: one at 284.5 eV from the diamond substrate and the EG6 alkyl chain, and one at 286.7 eV from the C atoms within the EG part of the molecule.
After immersion in fibrinogen solution, the C(1s) spectrum of H-terminated diamond shows clear increases in the C(1s), N(1s), and S(2p) peak intensities. In contrast, the EG6-modified diamond sample shows no detectable increase beyond the experimental noise level. Based on the signal-to-noise of the N(1s) data, we estimate that our detection limit from XPS corresponds to ∼3% of the N(1s) signal produced by fibrinogen adsorbed onto H-terminated sample. Thus, we conclude that photochemical grafting of EG6 to diamond surfaces reduces nonspecific binding of fibrinogen by >97% compared with that of the H-terminated surface.
Protein-Resistant Carbon Surfaces: the Role of Surface Roughness. To understand how roughness influences nonspecific binding of proteins on H-terminated and EG6-functionalized diamond, we explored three types of samples: (i) a nanocrystalline diamond thin-film (NCD), (ii) a polished synthetic diamond (PD), and (iii) a (111)-oriented cleavage face of a large natural single-crystal diamond (SCD). These substrates ranges from atomically flat (SCD) to surfaces comprised of rough assemblies of randomly oriented nanocrystals (NCD), spanning an rms roughness between 5 nm and 0.2 nm.
For these measurements we used avidin as a model system because of its simpler morphology (compared with the highly elongated and variable structure of fibrinogen, for example) and because in previous work we validated the use of a fluorescence wash-off method to quantify the nonspecific binding of avidin (40) . After exposing the surface of interest to fluorescently labeled avidin under a given set of conditions the nonspecifically adsorbed material can be digested and released from the surface into solution for quantitative fluorescence measurements. This procedure avoids problems of surface-initiated fluorescence quenching. Complete removal from the surface during the digestion can be easily validated experimentally (40) . Fig. 3 shows AFM images and height profiles for each sample investigated before (Fig. 3 A and B) and after ( Fig. 3 C and D) grafting EG6 onto the surfaces. From analysis of AFM images, we also calculated the root-mean-square surface roughness, shown in Fig. 4A . NCD has a continuous surface composed of crystalline diamond grains ∼100 nm in width and 50 nm in height and an rms roughness of 5.1 nm. PD is smoother but has many finely spaced scratches (visible as parallel lines in Fig. 3A ) and an rms roughness of 1.1 nm. Finally, an AFM image of SCD reveals a surface that is almost atomically flat, with an rms T of only 0.18 nm. The angular features visible SCD surface in Fig. 3A are step edges that are a few atoms in height; the 60°angles of these edges confirm the (111) crystallographic orientation of the cleavage surface.
A comparison of the data before ( Fig. 3 A and B) and after ( Fig. 3 C and D) functionalization with EG6 ( Fig. 3 C and D) shows that covalent functionalization with EG6 has little effect on the roughness. Small changes are observed that may arise from heterogeneity in the spatial distribution of EG molecules (leading to increased roughness) combined with the fact that flexible molecules may smooth out sharp gradients in height (leading to decreased roughness). However, the observed changes are small compared with the size of the avidin molecule. We showed previously that there is no detectable difference in grafting efficiency between NCD and SCD substrates (42) . Consequently, we attribute any changes in protein binding between H-terminated and EG6-terminated surfaces to changes in the surface chemistry and not to changes in surface morphology or roughness. Fig. 4 compares the roughness of the different surfaces ( Fig. 4A) with the amount of avidin that nonspecifically binds (Fig. 4B) . While the fluorescence measurements (together with standards of known concentration) directly yield the mass per unit area of adsorbed protein, by using the known dimensions of the avidin molecule (40 Å × 50 Å × 56 Å) (43) these data can be converted to a fractional monolayer coverage by assuming that avidin binds to the surface using the 40 Å × 50 Å face. Using this assumption, 100% monolayer equivalent (100% ML equ) corresponds to 8.3 pmol∕cm 2 . The data show that the H-terminated PD adsorbed the most avidin (43% ML equ, respectively), while the roughest surface, NCD, adsorbs only 3.3% ML equ. SCD (111) adsorbs the smallest amount, only 2.2% ML equ. After grafting of EG6 the nonspecific binding is again substantially reduced on all three types of diamond, but to varying degrees. Functionalization with EG6 reduces the adsorption of avidin on NCD by a factor of 1.7, while on PD nonspecific binding is reduced by a factor of 17, and on SCD it is reduced by a factor of 47.
The flattest sample, SCD, adsorbs only 3.9 AE 1.0 fmol∕cm 2 or only 0.05% ML equ. of avidin. Surprisingly, however, while EG6-functionalized NCD has by far the roughest surface, it is much more effective than PD at resisting nonspecific binding of avidin. Thus, there is not a simple correlation between roughness and protein adsorption on a given surface.
Antibody-Modified Diamond Surfaces. The high chemical stability of diamond has been demonstrated previously when covalently linked to DNA oligonucleotides (22, 32) and when functionalized with EG oligomers for protein resistance (40) . However, no previous study has examined stability of proteins covalently linked to diamond surfaces. Unlike DNA oligonucleotides that can be readily synthesized with well defined attachment points at one end, proteins have a more complex distribution of functional groups and are susceptible to changes in secondary and/or tertiary structure that may lead to loss of activity despite having no significant changes in primary structure (44) . To test whether photochemical grafting can yield increased chemical stability of protein-modified surfaces, we covalently grafted an antibody to the Escherichia coli (E. coli) K12 strain to diamond surfaces as depicted in Fig. 5 and used XPS to characterize the resulting changes in chemical structure. The most accessible functional groups for covalent attachment of antibodies are the amine groups that are prevalent in the F ab region; unfortunately, this is also the region primarily responsible for molecular recognition. While attachment through the F c region may be less disruptive to biological function, existing methods for covalent linking to the F c region are harsh and may be disruptive to the antibody structure. (44, 45) . Fig. 4 shows the approach we used here, in which glutaraldehyde is used as a bifunctional linker between the amine-terminated diamond surface and the free −NH 2 groups of the antibody (5, 23, 46) .
We used XPS to investigate the chemical stability of E. coli antibodies covalently linked to diamond. For comparison, we also show similar results obtained using a commercially available glass substrate formed from γ-aminopropylsilane. In each case, an amine-terminated surface was prepared first, and then glutaraldehyde (followed by sodium cyanoborohydride) was used to link the amine-terminated surface to the free NH 2 -groups of the antibody. Fig. 6 shows XPS data of antibody-modified diamond and glass samples immediately after preparation and after storage for 14 d in phosphate-buffered saline solution at 37°C. The C(1s) spectrum of the antibody-modified diamond samples show four peaks at 284.6 eV, 285.15 eV, 286.3, and 288.1 eV. These peaks arise from the diamond bulk (284.6 eV), alkyl carbons of the functionalization layer and of the protein (285.15 eV), and various forms of oxidized carbon including amides (286.2 eV) and carboxylic acids (288 eV). The N(1s) region shows a single sharp peak at 400 eV while the S(2p) region shows two peaks near 163 eV and 167 eV. XPS of functionalized glass surfaces are lower quality than those of diamond because of charging effects that broaden and shift the peaks. Nevertheless, Fig. 6 clearly shows that over the 14 d period of the experiment the C(1s) and N(1s) peaks decrease substantially while the intensity of the underlying silicon substrate Si(2s) peak increases. Sulfur(2p) peaks on glass are not visible because of their low intensity and charging effects. Table 1 quantifies the relevant atomic ratios observed, represented as integrated peak area ratios after correction for the atomic sensitivity factors of the different elements. The most obvious difference is that the diamond surface shows no detectable change in the N(1s) signal, which arises primarily from the antibody. The change in Sulfur(2p) intensity on diamond is within the noise of the experiment (due to the intrinsically weak S(2p) intensity). In contrast, the glass surface loses 50% of nitrogenbearing and carbon-bearing species over this same time period. Notably, however, both nitrogen and carbon decrease congruently, leaving the N∕C ratio constant. From these data, we learn that the long-term stability of antibody-modified glass is significantly compromised by loss of the antibody from the surface, presumably through hydrolysis of the Si-O-C bonds at the antibody-glass interface. In contrast, the use of purely covalent chemistry leads to antibody-modified surfaces exhibiting higher chemical stability.
To test whether the improved chemical stability of antibody layers on diamond results in a corresponding retention of biological activity, we conducted cell-capture studies on the above samples using the K12 serotype of E. coli. The number of cells captured per unit area on glass (N glass ) relative to that observed with UNCD (N UNCD ) shows that N Glass ∕N UNCD decreases from 0.84 on the freshly prepared surfaces (475 cells∕mm 2 on UNCD and 400 cells∕mm on glass, with a cell concentration of 5 × 10 7 colony-forming units per milliliter) to 0.45 (446 cells∕mm 2 on UNCD, 204 cells∕mm 2 on glass, 3.7 × 10 7 cfu∕ml) on samples stored for 7 d at 37°C. Thus, the greater stability of antibodymodified UNCD compared with that of glass observed in the XPS measurements is also reflected in improved retention of biological activity. These results suggest that antibody-functionalized diamond may be an excellent platform for selective capture of specific types of biological cells that may be of interest for water quality measurement or biological threat detection, as well as for controlling adhesion of cells for bioimplants and stem-cell research.
Discussion
Carbon-based materials hold enormous potential for the fabrication of highly stable molecular and biomolecular interfaces to biological systems. Prior studies using SAMs of thiolated ethylene glycol oligomers on gold (47-50) have found that the ability to resist protein binding depends strongly on the number density of the molecules (6, 13, (48) (49) (50) . Determining the number density of EG molecules on diamond surfaces is challenging because carbon forms both the underlying substrate and the alkyl chain within the EG6 molecular layers. However, it is possible to estimate the number density because the EG6 molecules give rise to a unique peak near 286.6 eV binding energy from the C atoms that are adjacent to the O atoms in EG6 molecule (Fig. 2) . Knowing that EG6 has 13 carbon atoms adjacent to O atoms and 10 6 . XPS data depicting stability of anti-E. coli covalently grafted to amine-terminated diamond and amine-terminated glass substrates, and similar data after storage for 14 d in buffer solution at 37°C. A) Carbon, Nitrogen, and Sulfur data for anti-E. coli on UNCD diamond thin-film. B) Carbon, Nitrogen, and Silicon data for anti-E. coli on glass. atoms that are not, a more detailed peak area analysis allows us to establish the EG6 molecular layer has an area density of ∼2.6 × 10 14 molecules∕cm 2 , or 0.4 nm 2 ∕molecule. This area per molecule is slightly larger than the value of 0.21 nm 2 ∕molecule reported for a dense ethylene glycol SAM on Au, (49) but is within the range of values expected for a relatively dense SAM. In contrast to a SAM on gold where lateral diffusion take place, grafting onto diamond and other covalent materials occurs more randomly on the surface, leaving small regions too small to accommodate molecules and resulting in a more open structure. This general picture has been confirmed on diamond through electrochemical measurements (5, 51) . While a quantitative comparison is difficult, this analysis establishes that photochemical grafting yields layers with a density of exposed EG groups that is comparable to those produced by alkanethiols on gold.
Surface roughness is an important factor thought to influence the nonspecific binding of proteins. Yet, roughness is only a single measure of the topography of a surface, and despite many studies there appears to be no single unifying description of how roughness affects binding (1, 2, (52) (53) (54) . Our experiments are performed on surfaces with rms roughness between 1.1 nm and 0.18 nm (PD and SCD), considerably smaller than the rms roughness in most other studies (53, 55) . In addition, the length scale over which the roughness occurs may be important. We observe significantly more adsorption on the PD sample than on the NCD sample. Yet, closer examination shows that the NCD sample is comprised of crystalline grains that have smooth faces >30 nm in size, while the avidin protein is approximately 4 nm in size. Consequently, to a protein molecule this "rough" surface may appear locally smooth. In contrast, the polished sample has grooves that may be of the correct length scale to promote nonspecific binding through an increase in the interfacial contact area, likely driven by hydrophobic forces.
Finally, our results show that the outstanding performance of diamond as a substrate for biological studies can be extended to include antibody-modified surfaces. The XPS results presented here clearly show the improvement in chemical stability of the antibody-modified molecular layers and that this improvement in chemical stability is accompanied by an improvement in biological stability when used in cell-capture studies. Ultimately, it is likely that the long-term stability of proteins will be limited by changes in secondary and/or tertiary structure that will need to be addressed using other approaches.
Conclusions
These studies show that photochemical grafting of short ethylene glycol oligomers to diamond surfaces substantially reduces the nonspecific binding of proteins. XPS data show that grafting yields EG units whose density is comparable to that reported from EG-based self-assembled monolayers on gold. Despite having a modestly rough surface, a single molecular layer of EG6 on NCD reduces nonspecific binding to amounts that are undetectable by XPS, representing a residual nonspecific binding that is no more than 3% of that observed on the H-terminated surface. However, PD has significantly more nonspecific binding despite having a smaller rms roughness. Our results suggest that the lateral length scale is an important factor in determining how roughness impacts nonspecific binding of proteins on surfaces. Based on our data, we conclude that when surface features and proteins are similar in size, more protein will adsorb to those surfaces, likely as a direct result of the ability to achieve more direct contact area with the surface. Finally, our data show that the outstanding stability of carbon can be extended to antibodies, including improving the stability of surfaces designed to capture biological cells.
These results are significant from a biomaterials standpoint, since diamond and diamond-like carbon coatings have been used to increase biocompatibility (6, 7). Our results suggest that the use of molecular chemistry to modify the surface chemistry of diamond and diamond-like carbons may be beneficial in diverse applications ranging from diamond-like coatings on biomedical implants (56, 57) to the development of improved biosensors with improved longevity for applications such as continuous monitoring for E. coli and other biological pathogens.
While molecular layers on diamond are less structurally perfect than self-assembled monolayers on gold, alkanethiol SAMS are readily oxidized and not able to be easily integrated into more complex composite materials of importance in biomedical research (16, 52) . In contrast, carbon represents a wide range of materials including diamond, amorphous carbon, tetrahedral amorphous carbon, and graphitic materials yielding a wide range of mechanical, optical, and electrical properties (58) . The ability to fabricate highly stable, molecular and biomolecular layers on such materials represents an outstanding opportunity for biological surface chemistry in the years ahead.
Methods
Substrates and Sample Preparation. NCD 0.5 μm thick films grown on silicon were provided by the U.S. Naval Research Laboratory. UNCD samples, 1.0 μm thick on silicon substrates were grown by Advanced Diamond Technologies, Inc. Mechanically PD were SCDs with (100) surfaces fabricated by high-temperature, high-pressure synthesis by Sumicrystal Diamond. A single-crystal natural semiconducting type IIb SCD, cleaved along the (111) plane was provided on loan from the Naval Research Laboratory. Hydrogen-terminated diamonds were prepared by acid cleaning followed by exposure to a hydrogen plasma (36) . Photochemical functionalization to graft molecular layers was performed by exposing the H-terminated surfaces to the neat liquid of the desired molecule(s) and illuminating with UV light (254 nm, 10 mW∕cm 2 ) for 12 h (22). Resistance to nonspecific adsorption was conferred by binding vinyl-terminated oligo(ethylene glycol) monolayers to the surface. Hexaethylene glycol undec-1-ene (EG6-ene), was synthesized and fully characterized for these studies according to published procedures (15) . Amine-terminated glass slides were Corning Gaps II Coated Slides, consisting of glass slides with a covalently bound coating of gamma-aminopropylsilanes.
X-Ray Photoelectron Spectroscopy. XPS measurements were performed in a custom-built XPS system using a Phi Al K α source (1486.6 eV), an X-ray monochromator (excitation linewidth < 0.6 eV), and a hemispherical electron energy analyzer. C(1s) and N(1s) spectra were obtained using a 23.5 eV pass energy (0.35 eV resolution); S(2p) and Si(2s) spectra were obtained using a 117.4 eV pass energy (1.8 eV resolution).
AFM Measurements. Height images of each of the three diamond substrates were collected using tapping mode by a Digital Instruments Nanoscope IV microscope using a scan size of 2.0 μm.
Protein Adsorption and Wash-Off Measurements. For XPS studies of fibrinogen adsorption, diamond samples were incubated with ∼0.2 mg∕mL fibrinogen in 0.1 M NaHCO 3 (pH 8.3) for 1 h at room temperature. Rinsing followed, including an initial 15 min. soak in a wash-off buffer (pH 7.4) consisting of 0.3 M NaCl, 20 mM Na 2 PO 4 , 2 mM EDTA (commonly known as 2× Sodium Saline Phosphate Ethylenediamine tetraacetic acid (SSPE)) with 1% added Triton X-100, a second 5 min. soak in 2× SSPE, and two 5 min. soaks in deionized H 2 O. Samples were dried and XPS measurements performed immediately.
For nonspecific binding measurements using avidin, fluorescein-labeled Avidin (Vector Labs) was diluted in 0.1 M NaHCO 3 , pH 8.3, to 0.2 mg∕mL concentration. Avidin solution was applied to the sample at room temperature for 1 h in a humidified chamber. The samples were rinsed and then soaked for 15 min in a wash-off buffer consisting of 2× SSPE with 1% Triton X-100. The remaining adsorbed protein was measured by digesting in a solution consisting of 1.00 mL of the wash-off buffer + 1% mercaptoethanol for 12 h; mercaptoethanol is a reducing agent that acts to cleave disulfide bonds in proteins, aiding their elution from the substrates into the elution buffer. The intensity of fluorescence at 518 nm (using 480 nm excitation) was measured.
Bacterial Cell Preparation and Capture Studies. Procedures followed for E. coli preparation and capture studies are described in SI Text on the PNAS web site, www.pnas.org.
